Unlike vision, the mechanisms underlying auditory motion perception are poorly understood. Here we describe an auditory motion illusion revealing a novel cue to auditory speed perception: the temporal frequency of amplitude modulation (AM-frequency), typical for rattling sounds. Naturally, corrugated objects sliding across each other generate rattling sounds whose AM-frequency tends to directly correlate with speed. We found that AM-frequency modulates auditory speed perception in a highly systematic fashion: moving sounds with higher AM-frequency are perceived as moving faster than sounds with lower AM-frequency. Even more interestingly, sounds with higher AM-frequency also induce stronger motion aftereffects. This reveals the existence of specialized neural mechanisms for auditory motion perception, which are sensitive to AM-frequency. Thus, in spatial hearing, the brain successfully capitalizes on the AMfrequency of rattling sounds to estimate the speed of moving objects. This tightly parallels previous findings in motion vision, where spatiotemporal frequency of moving displays systematically affects both speed perception and the magnitude of the motion aftereffects. Such an analogy with vision suggests that motion detection may rely on canonical computations, with similar neural mechanisms shared across the different modalities.
Introduction
In our daily lives, we often experience a relation between the speed of moving objects and the properties of the sounds produced by such motion. For instance, when manually exploring a corrugated surface, such as when sliding a hand on a fence, the contact with that surface generates rattling sounds whose frequency of amplitude modulation (AM) seems to correlate with the speed of motion, while the carrier frequency stays roughly constant: the faster the motion, the higher the AM-frequency of the rattling sound. Thus, in principle, the temporal frequency of a sound's envelope might be used as a relative cue to estimate the speed of a sound source.
Over the past years, several studies have demonstrated how knowledge of statistical regularities in natural scenes can help perceptual systems to reduce the complexity of sensory information and to infer the actual state of the world [1] [2] [3] [4] [5] [6] . Through repeated exposure to statistical correlations across two or more sensory cues, the perceptual system learns such associations and builds up expectations about the natural mapping across the various cues [7] [8] [9] [10] . The AM-frequency of a sound might be used as a relative cue to speed: indeed, assuming a constant environment (e.g. isotropic texture of a stimulus that does not vary over time), differences in the temporal rates of the sound produced by the contact between a moving object and a surface might be interpreted as differences in speed.
Besides audition, temporal frequency is a critical cue also in visual motion perception [11 -12] , and more recently it has been shown to also affect tactile speed perception [13] [14] [15] . For instance, the spatio-temporal frequency of a grating systematically modulates the stimulus' perceived speed. That is, perceived speed increases with increasing spatio-temporal frequency [11] . Moreover, temporal frequency affects the magnitude of the aftereffect induced by moving visual patterns [12] . In a series of psychophysical experiments, here we used moving rattling sounds to investigate whether AM-frequency induces analogous effects in audition. With this we would identify AM-frequency as a cue to auditory speed perception, thereby revealing an intriguing similarity between auditory and both visual and tactile motion perception. Specifically, we hypothesize that temporal frequency might induce the same patterns of motion illusions and aftereffects in both vision and audition: such a finding would strongly suggest that the different modalities share similar neural mechanisms for motion processing.
Results and discussion
We generated rattling sounds by applying sinusoidal amplitude modulations (AM) to pink-noise carrier signals. Sounds were played via a set of eight speakers mounted on a ring with the participant's head in the centre, thus producing circular motion (figure 1a,b). In a speed-discrimination task, participants reported which of two consecutive moving sounds seemed faster, while across trials we independently varied both the physical speed of the sound source and its AM-frequency. One of the two stimuli presented on each trial-the standard-always moved at the same speed, and had a constant AM-frequency. The other stimulus-the comparison-could move at one of 10 different speeds and have one of 10 different AM-frequencies. The standard and the comparison stimuli were presented sequentially in a randomized order. We fitted a generalized linear mixed model to the proportion of 'comparison faster' responses, with speed and AM-frequency as fixed effects. Results showed that perceived speed was influenced by both the sound's actual speed (z ¼ 4.85; p , 0.0001) and AM-frequency (z ¼ 2.57; p ¼ 0.01; figure 1c, upper panel). That is, sounds appeared to move faster not only with increasing speed, but also with increasing AM-frequency. The relative weight assigned to the two cues (speed and AM-frequency) can be estimated from the orientation of the 'line of subjective equality', that is, the combination of speed and AM-frequency at which the standard and comparison stimuli appeared equally fast (figure 1c, continuous line). Results indicate that-on average-participants relied jointly on both cues (figure 1c, upper and lower panels). A control experiment demonstrated that AM-frequency affected perceived speed even when participants were explicitly instructed to ignore such information, and to focus only on the actual speed of the sound (see electronic supplementary material, figure S1 , and §3).
Still, to draw stronger conclusions, we need to ensure that these findings reflect genuine perceptual effects rather than response biases. To this end, we conducted a second experiment in which we investigated whether AM-frequency modulates the auditory motion after effect (aMAE). The aMAE is a phenomenon whereby, after exposure to a sound moving in one direction, a subsequent stationary (or slowly-moving) sound appears to move in the opposite direction [16, 17] . Motion aftereffects are typically interpreted as adaptation of specialized motion analysers, and their magnitude is proportional to the perceived velocity of the adapting stimulus [16] . Therefore, if there are dedicated neural mechanisms for auditory motion perception that are sensitive to the AM-frequency of sounds, not only speed but also AM-frequency should modulate the aMAE.
In experiment 2 we induced motion adaptation using a block design. In each block the adapting sound rotated either clockwise or counterclockwise at a constant speed, and it was presented at one of three AM-frequencies. After adaptation, participants reported the direction of motion of a slowly-moving test sound (unmodulated pink noise), which varied in speed across trials to estimate the velocity that was necessary to null the perceived speed of the aMAE ( point of subjective stationarity-PSS). To keep participants in an adapted state, top-up adaptation sounds alternated with test stimuli ( figure 1d, upper panel) . To estimate the PSS (see [16] for a similar procedure to measure the magnitude of the aMAE) we fitted cumulative Gaussian distributions to the proportion of 'leftward' (i.e. counterclockwise) responses separately for each participant and adapting stimulus. Following adaptation, the PSS showed a bias in the same direction as the adapting stimulus, meaning that a stationary sound was heard as moving in the direction opposite to the adapting stimulus (figure 1d, lower panel). Importantly, the magnitude of the aMAE increased linearly with the AM-frequency of the adapting stimulus (r 2 ¼ 0.98),
demonstrating that AM-frequency truly affected perceived speed of auditory motion. Moreover, to assess the overall effect of AM-frequency on the aMAE, irrespective of the specific direction of motion, we calculated the clockwise minus counterclockwise difference in PSS for each AM-frequency (figure 1d, inlaid plot). Such difference in the PSS within each AM-frequency showed that, irrespective of the direction of motion, the aMAE was linearly modulated by the AM-frequency: the higher the AM-frequency the higher the aMAE (r 2 ¼ 0.944).
The dependency of auditory speed perception on the sound's AM-frequency offers clear ecological advantages because the AM-frequency of sounds produced by moving objects seems to scale with speed (in otherwise isotropic environments). This renders acoustic AM-frequency a relative cue for speed, so that differences in AM-frequency of a moving sound can be directly interpreted as differences in speed. Many aspects of the perceptual system rely on relative cues, such as for example when combining different cues for visual depth perception [18] . In order to make efficient use of such relative cues, the perceptual system exploits natural scene statistics [1, 3, 6, 8, 19 ] to scale such cues and to infer the actual state of the world. The present study demonstrates that the brain successfully capitalizes on an environmental property-the AM-frequency of moving rattling sounds-to perceive auditory speed. Thus, the human auditory system seems to be tuned to the statistical regularities of natural auditory scenes (see also [3] ).
The present results tightly mirror previous findings in motion vision, where the spatio-temporal frequency of moving images systematically affects perceived speed: displays having higher temporal frequencies are perceived as moving faster [11] and induce stronger MAE [12] . While in vision these effects seem to depend on the properties of motion detectors, the existence of analogous detectors in audition is still debated (e.g. [20] ). The current results show that, just like visual motion detectors [12] , the neural circuitry rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170673 underlying auditory motion perception is sensitive to the temporal frequency (here the AM-frequency) of the stimulus. Mounting neurophysiological evidence seems to demonstrate that, following the principle of neural economy, the nervous system may detect motion by implementing a small set of canonical computations, which operate in an analogous fashion across the different senses. For instance, temporal frequency also affects tactile speed perception [13] [14] [15] . The analogy between our results and previous findings in vision and touch clearly suggests that a similar mechanism for motion perception might be at play in different modalities. (
Methods
placed at a distance of 32 cm on the vertical axis, and mounted on an octagonal frame (figure 1a; see also [19] for a similar apparatus and procedure). Participants sat in the middle of the circle, with their ears at approximately the height of the sound source. Participants wore a head-mounted display (z800 3D visor, eMagin, Bellevue, WA, USA), which presented the experimental instructions while hiding the set-up from view. To stabilize the participant's head, we used a helmet that was mounted on a suspended pole attached to the roof. This guaranteed that participants kept their head still and at the right height in the middle of the circle.
(iii) Stimuli and procedure
To generate moving rattling sounds, stimuli were cross-faded between neighbouring loudspeakers (see e.g. [21] ). Auditory carrier signals consisted of 1/f-noise ( pink-noise, sampling frequency 44.1 kHz), whose amplitude was modulated by a sinusoidal function (i.e. the modulating signal, see below and figure 1b). Stimulus presentation was controlled by custom software based on the Psychtoolbox 3.0 [22] running on a computer equipped with an M-Audio Delta 1010LT PCI audio card. Sounds were amplified by a Stageline-IMG STA-1508 amplifier and played at an average intensity of 66 dB SPL (sound pressure level). They were smoothly ramped on and off on a window of 0.5 s. The intensity of the sounds produced by the eight speakers was carefully equalized using an SPL meter. Moreover, the intensity of each speaker was slightly jittered on a trial-by-trial basis by multiplying the signals sent to each speaker by a random factor between + 0.05. This was done to prevent participants from using minor differences in loudness across speakers as additional cues. On each trial, two consecutive sounds were presented with an inter-stimulus interval of 0.5 s. Participants had to judge whether the first or the second stimulus seemed to move faster by pressing the left or the right mouse button, respectively. Each pair of stimuli consisted of a standard and a comparison stimulus, played in pseudo-randomized order. Within each trial, one of the two stimuli-namely the standard stimulusmoved at a constant speed of 270 8/s, and had an AM-frequency of 10 Thus, the combination of all speeds and AM-frequencies determined a 10 Â 10 grid, over which we could fit a 2D psychometric function (a psychometric surface).
On each trial, both standard and comparison stimuli moved in the same direction (clockwise or counterclockwise). The direction of rotation varied pseudo-randomly across trials. At the beginning of each trial, and for its entire duration, an arrow was presented at the centre of the head-mounted display, to inform participant on the direction of motion of the pair of stimuli in that trial. In order to prevent participants from using stimulus displacement (i.e. the length of the trajectory covered by the moving sound) as a cue for speed, we randomly varied the duration of each stimulus between 1.5 and 2.5 s (e.g. see [23] ). Similarly, we also randomly varied the starting position of the sound source across stimulus presentations (cf. [23] ). The range of speeds was chosen based on preliminary observations and previous studies [19, 24] demonstrating that rotational motion within this range can be reliably perceived. After the experimental session, all participants were asked to verbally report whether they could perceive the sounds as rotating around them. They all reported a clear perception of rotational motion throughout the entire experiment. Overall, the experiment consisted of two sessions, taking place over two consecutive days, and lasting approximately one and a half hours each, for a total of 800 trials. To motivate participants, every 25 trials the head-mounted display showed the percentage of correct responses and participants could take a break. Such feedback was not displayed on a trial-by-trial basis to prevent learning.
Before the first experimental session, participants underwent a training session (80 trials) to familiarize with the stimuli and task. During the training, an auditory feedback (a beep) was provided whenever participants produced an incorrect response. Both the standard and the comparison had the same AMfrequency of the standard stimulus used in the main experiment (i.e. 10.61 Hz).
(iv) Data analyses
For each participant and each combination of speed and AMfrequency, we calculated the proportion of 'comparison faster' responses. The effects of actual speed and AM-frequency of moving sounds on speed perception were assessed by fitting the probability of responding 'comparison faster' with a generalized linear mixed model (GLMM [25, 26] ), with speed and AMfrequency as fixed effects. Given that discrimination performance is at chance level when standard and comparison are physically identical, we constrained the intercept of the psychometric function to reduce the number of fitted parameters. To account for the heterogeneity among different subjects, we included the random intercept, the slope and their interaction as random effects parameters. A Probit link function was applied and maximumlikelihood (ML) estimation was used to estimate the parameters. We tested the significance of each parameter with the Wald test. The analysis was performed using R and the MERpsychophysics toolbox developed by [26] .
(v) Results
Results showed that the perceived speed of rattling moving sounds is influenced by both the actual speed of the sounds and their AM-frequency (see §2 and figure 1c, upper panel). To test whether speed and AM-frequency interacted with each other in modulating participants' responses, we fitted another GLMM including also the speed by frequency interaction and compared this model with the previous one. According to the Akaike information criterion (AIC [27] ), the former model fitted the data better than the second one, indicating a lack of interaction between the two cues. In the present 2-factorial analysis (i.e. involving speed and AM-frequency), the point of subjective equality (PSE, i.e. the combinations of speed and AM-frequency at which the standard and the comparison stimuli appeared equally fast) is represented as a line: the line of subjective equality (LSE, figure 1c, upper panel, solid line) . The orientation of the line represents the relative weight assigned to the two cues for auditory speed perception. A horizontal orientation would indicate that participants rely only on the sounds' actual speed to estimate speed perception, while a vertical orientation would show that participants take into consideration only AM-frequency when judging the speed. The diagonal orientation of the line found in experiment 1 indicates that participants rely on both cues for auditory speed perception ( figure 1c, upper panel) .
To investigate the influence of AM-frequency on speed perception at the level of the individual observers, we estimated the weight that each participant has given to AM-frequency rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170673 (v AM freq ) as follows:
Here b AM freq represents the linear coefficient of AMfrequency and b Speed the coefficient of speed. Values higher than zero indicate that the participant relies on the information provided by AM-frequency to solve the task. Individual data ( figure 1c, lower panel) show that, although the weight given to AM-frequency differs across participants, most of them significantly relied on AM-frequency when reporting the sounds' perceived speed (t-test against zero, t 8 ¼ 3.4, p ¼ 0.009) (see electronic supplementary material, data analyses for more details).
(b) Experiment 1-control: the influence of task instructions
In order to rule out the possibility for response strategies-instead of perceptual effects-dominating results, we ran a control experiment. Specifically, we investigated whether participants might be able to ignore the information provided by AM-frequency, when explicitly instructed to do so, or whether such a cue is automatically integrated with the other speed signals. Participants were presented with the same stimuli and task of the main experiment. The experimenter explained how the stimuli were created and asked participants to give the response by focusing on the actual speed of the sounds only (i.e. the speed of the spatial displacement of the sound), while ignoring the information related to AM-frequency.
(i) Participants
Five naive participants (1 male, M ¼ 26.6, s.d. ¼ 4.4) with normal or corrected-to-normal vision and normal audition took part in the study. None of them had taken part in the previous experiment.
(ii) Apparatus, stimuli, procedure and data analyses
Procedures, behavioural measures and analyses were the same as in the previous experiment. Prior to the beginning of the experimental session, the experimenter explained to participants in detail how stimuli were created and specified that the sounds could independently vary over both speed of motion and AM-frequency. To give a practical demonstration, the experimenter played pink noise alone, then played different sounds whose amplitude was modulated by different AM-frequencies. Participants were told that speed and AM-frequency were independently varied and thus, that the AM-frequency of the sound was task-irrelevant and uninformative as to with which speed the stimulus was actually rotating. Thus, they were explicitly instructed to focus only on the actual speed of the stimuli while performing the task and to ignore the AM-frequency.
(iii) Results
Like in the main experiment (see §2), the results showed that both the actual speed and the AM-frequency of the sounds affect the perceived speed of moving sounds (see electronic supplementary material, figure S1 , upper panel), with a higher probability of responding 'comparison faster' for combinations of higher speeds and AM-frequencies. As in the previous experiment, the model that best fitted the data was the one including the fixed effects of speed and AM-frequency only, without the speed by frequency interaction, and including the random intercept, slope and interaction as random effects. Compared to the previous experiment, the LSE (electronic supplementary material, figure S1 , upper panel) in the current control experiment is more tilted toward the horizontal axis.
This demonstrates that, although overall speed is weighted more in this experiment than in the previous one, speed perception was nevertheless affected by AM-frequency in all participants, as confirmed by the fact that the weights given by each participant to AM-frequency were higher than zero (t 4 ¼ 2.96, p ¼ 0.04; electronic supplementary material, figure S1 , lower panel). Put in other words, AM-frequency could not be fully ignored and was automatically integrated to form a combined percept of auditory speed. In both experiments we found large individual differences in weighting of speed and AMfrequency, with some participants being almost completely dominated by the AM-frequency cue, while others almost ignored it. It might be the case that the reliability of such sensory cues differs across participants. That is, while some observers might be particularly sensitive to speed, others might find it hard to detect speed and thus rely only on the AM-frequency cue to solve the task. This would be in accordance with recent findings highlighting large individual differences in sensitivity, as well as in prior expectations (e.g. [28, 29] ). (ii) Apparatus
The apparatus was the same as in the previous experiment.
(iii) Stimuli and procedure
For an even stronger test of AM-frequency affecting perceived auditory motion we used the indirect measure of the motion aftereffect. We used this indirect measure because it is unlikely to be affected by any form of response bias and thus should reveal solely perceptual effects. To this end, we played rattling sounds rotating around the participant's head at a constant speed and investigated whether the AM-frequency of a sound affects the aMAE following exposure to that sound. The experiment consisted of six blocks. Each block started with an adaptation phase where a sound continuously rotated around participants' head for 90 s (figure 1d, upper panel). Participants were then presented with a test stimulus (1 s), slowly moving either clockwise or counterclockwise. They were asked to report its direction of motion (i.e. rightward or leftward, respectively) by pressing one of two mouse buttons. In order to keep participants in an adapted state, they received top-up adaptation stimulation for 5 s between two consecutive trials. The test stimulus started 0.5 s after the top-up adaptation ( figure 1d, upper panel) . The adapting stimulus moved always at the same speed as the standard stimulus used in the previous experiments (i.e. 270 8/s). Within each block, the adapting stimulus could have one of three AM-frequencies, logarithmically spaced between 9 and 15 Hz, and one motion direction (clockwise or counterclockwise), thus yielding six combinations of AM-frequencies and motion directions (i.e. +9,+11.62,+15 Hz, where positive values indicate clockwise motion). The test stimulus consisted of pink noise with no amplitude modulation.
On each trial, the sound could randomly move either clockwise or counterclockwise, and start from one of five possible start positions (i.e. 08,+22.58,+458, where 08 indicates participant's body midline). On each trial the speed of the test stimulus was determined using a custom adaptive procedure based on the QUEST [30] . Specifically, we used two QUESTs rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170673 running in parallel (one with a starting velocity of 258/s, the other with a starting velocity of 58/s). In a classic QUEST procedure, the psychometric function is estimated iteratively after each trial, and the stimulus used on each trial is determined by the estimated point of subjective equality (in our case, the PSS). This method, however, does not provide enough observations away from the PSS, making it hard to estimate the slope of the psychometric function. Moreover, given that most stimuli are close to the PSS (i.e. where response is at chance), participants often find the task too hard and frustrating. Therefore, the speed of the stimuli used on each trial was determined by the PSS estimated by the QUEST, to which we added a random value taken from a Gaussian distribution (with a standard deviation equal to one JND, as determined in pilot observations). By also presenting easier trials, such a procedure is more enjoyable for participants and it also allows reliable estimation of the slope of the psychometric functions. This procedure was selected after preliminary observations indicating a high variability in participants' ability to correctly identify motion direction, which would have made it hard to select an effective set of velocities, as required by the method of constant stimuli. Overall, the experiment consisted of two sessions of three blocks each, taking place on two consecutive days, and lasting approximately one hour each. Each block (i.e. each combination of AM-frequency and motion direction) consisted of 80 trials, for a total of 480 trials. In order to minimize any order effect, the order of the six blocks was randomized across participants. A few minutes' break was set between two consecutive blocks. Before the first block, participants were required to perform a quick training (80 trials, without adaptation) in order to familiarize with the stimuli and task. Participants were presented with 1 s pink noise sounds randomly moving either clockwise or counterclockwise at one of four different velocities, linearly spaced between+ 5 8/s (i.e.+1,+2.34,+3.67,+5 8/s). Their task was to indicate the direction of motion. During the training, an auditory feedback (a beep) was provided after incorrect responses.
(iv) Data analyses
We fitted cumulative Gaussian distributions to the proportion of 'leftward' (i.e. counterclockwise) responses [31] for each of the six combinations of motion direction and AM-frequency of the adapting stimulus. This procedure was separately performed for each participant. As a measure of the magnitude of the aMAE, we calculated the velocity at which the test stimulus appeared stationary to the participants (i.e. the PSS; see [16, 32] for a similar approach). If there is an aMAE, the PSS should shift toward (negative aftereffect) or away from ( positive aftereffect) the adapting stimulus.
